The major auxin-binding protein (ABP1) from maize (Zea mays 1.) has been expressed in insed cells using the baculovirus expression system. The recombinant protein can be readily deteded in total insect cell lysates by Coomassie blue staining on sodium dodecyl sulfate-polyacrylamide gel eledrophoresis (SDS-PACE). Our data suggest that ABPl is processed similarly in both insed cells and maize. The signal peptide is cleaved at the same position as in maize and the mature protein undergoes tunicamycin-sensitive glycosylation, yielding a product with the same mobility on SDS-PACE as authentic maize ABP1. O n immunoblots the expressed protein is recognized by anti-KDEL monoclonal antibodies. lmmunofluorescence localization demonstrates that it is targeted to and retained in the endoplasmic reticulum of insed cells in accordance with its signal peptide and KDEL retention sequence. The expressed ABPl also appears to be active, since extrads of insect cells expressing ABPl contain a saturable high-affinity 1-naphthylacetic acid-binding site, whereas no saturable auxin-binding adivity is detected in extrads from control cells.
which exists as a dimer of 22-kD subunits, has been purified as a high-affinity auxin-binding site by several different methods (Lobler and Klambt, 1985;  Shimomura et al., 1986; Napier et al., 1988) and cDNA clones have been characterized (Hesse et al., 1989; Inohara et al., 1989;  Tillmann et al., 1989) . Severa1 genes encoding ABPl in maize have been sequenced (Yu and Lazarus, 1991; Schwob et al., 1993) , and homologous genes have been described from a number of dicotyledonous plants, including Arubidopsis (Palme et al., 1992) and strawbeny (Lazarus et al., 1991) .
The affinities of various natural and synthetic auxins for this protein broadly conelate with their activity in vivo (Ray et al., 1977; Lobler and Klambt, 1985 ; Shimomura et al., 1986) , and evidence suggesting a receptor role has come from electrophysiological studies. Antibodies raised against ABPl were shown to block a rapid membrane-hyperpolarization response to auxins in tobacco protoplasts (Barbier-Brygoo et al., 1989) . Furthermore, antibodies directed against a region of the protein thought to form part of the auxin-binding site act as an auxin agonist in this system (Venis et al., 1992) . These findings have been confirmed in maize protoplasts using the patch-clamp technique (Riick et al., 1993) .
The electrophysiological data suggest a site of action for ABPl, or an immunologically related protein, at the outer face of the plasma membrane, but the protein is located predominantly in the lumen of the ER (Shimomura et al., 1986;  Jones et al., 1989;  J. Henderson, unpublished data).
There has been one report of ABP secretion to the plasma membrane and cell wall (Jones and Herman, 1993) . The predominant ER localization is consistent with the deduced amino acid sequence, which has a KDEL motif (-Lys-AspGlu-Leu) at the C terminus; this is one of the signals used in plants for protein retention in the ER (Denecke et al., 1992; Napier et al., 1992) . Monoclonal antibodies directed against the KDEL motif are able to bind to native ABPl but can be displaced by auxins, suggesting that auxin binding induces a conformational change that hides the C terminus of the protein (Napier and Venis, 1990) . This has been proposed as a possible mechanism by which ABPl might escape from the ER lumen and be released to the plasma membrane.
It would be of great interest to obtain structural data on ABPl and particularly on the changes induced by auxin binding. A prerequisite of such studies is an efficient system for the large-scale production of the protein. The baculovirus expression system has been used for the expression of a wide variety of foreign proteins in insect cells (Luckow and Summers, 1988) , including several plant proteins (Andrews et al., 1988; Bustos et al., 1988; Vernet et al., 1990 ; Nagai et al., 1992; Thompson et al., 1994) . We report the expression of active ABPl in this system. et al. Plant Physiol. Vol 105, 1994 lnsect Cell Culture
MATERIALS AND METHODS

Macdonald
Construction of the Transfer Plasmid, pZMABPBac
Standard techniques for DNA manipulation (Sambrook et al., 1989) were used in the construction, which is shown schematically in Figure 1 . A PvuII fragment from the cDNA clone cAux4 (Lazarus et al., 1991) , encompassing the coding region of ABPl flanked by 16 bp of 5' untranslated sequence and the complete 3' untranslated region, was inserted into the SmaI site of pUC19. Adjacent BamHI and KpnI sites were then used to excise the fragment and ligate it between the BglII and KpnI sites of the vector pEVmXIV (Wang et al., 1991) . The promoter in this construct is the modified polyhedrin promoter Pxlv (Ooi et al., 1989 Unlesij othenvise indicated, media components for insect cell culhre were obtained from Gibco-BRL (Paisley, Scotland). Spodoptera frugiperda (Sf21 and Sf9) cells were maintained i n monolayer cultures at 28OC in TC100 medium containiing 5% fetal calf serum, 5 units mL-' penicillin, 50 pg mL-' streptomycin, and 2.5 P g mL-' amphotericin B.
Baculovirus Techniques
Cells lor co-transfection were prepared as folloivs: 106 Sf21 cells in : ! mL of TClOO medium were incubated ovemight at 28OC in a 35-mm Petri dish. Just before use, the resultant monolayer was washed twice with 1 mL of TClDO (without serum), then covered with an additional 1 mL. ' I' he transfer vector, pZMABPBac, was dissolved in distilled ivater at 0.4 pg mL-'. Approximately 1 pg of pZMABPBac was mixed with 3 pLL of ILipofectin (Gibco-BRL), 1.5 pL of distillecl water, and 0.2 Kg of BaculoGold linearized viral DNA (Pharlhgen, San Diego, (IA) in the bottom of a polystyrene universal bottle. The mixture was allowed to stand at room temperature for 15 min before being added to the prepared Sf21 cells. The co-transfection mix was incubated at 28OC for 5 h, 1 mL of TClOO containing 10% fetal calf serum was added, and incubation continued until 48 h postinfection. l h e medium was hai-vested and screened for viable virus particles by plaque (assay using neutra1 red, as described by King and Possee (1992) .
Plaques from viruses containing the desired in jertion were identified by PCR amplification of ABP sequences from viral supematants prepared by suspending a single plaque in 0.5 mL of TC100/5% fetal calf serum. Reaction mixes (25 pL) contained 2 pL of viral supematant, 200 p~ deoxynucleotide triphosphates, 1 ~L M primers, and 2 units of Taq polymerase (Promega, Southampton, UK). Primers were 5 '-GCTGGT-GCGCTCAATCA-3' and 5'-TTAGTGAGCTI'GATCCC-ATC-3'. Reactions were incubated in a thermal cycler (Hybaid, Teddington, UK) for the following cycle;: (3 min at 95OC) ><I; (30 s at 95OC, 30 s at 6OoC, 2 min at 72OC) X32; (6 min at 72OC) Xl. Recombinant virus was ,implified as described by King and Possee (1992) .
Baculovirus infections to produce small-scale preparations of protein for initial analyses were performed in 35-mm Petri dishes containing 1.5 x 106 cells. The moi was 5 t83 10 plaqueforming, units and cells were harvested after 48 to 72 h. For large-scale preparations, 100-mL shaking cultures were established (110 rpm) in serum-free medium (Ex Cell401, JRH Bioscierices, Lenexa, KS) containing 0.1 % pluronic F68. Cells were infected (moi = 4) when they had reached a density of 106 mL--' and were harvested after 72 h.
Anti bodies
Antibodies used in this investigation were: a rabbit polyclonal antibody raised against ABPl (Napier et al., 1988) ; MAC 256, a monoclonal antibody recognizing an epitope close to the C terminus of ABP1, including the KDEL motif (Napier et al., 1988; Napier and Venis, 1990) ; and 2E7, a monocl"ta1 antibody recognizing the HDEL motif (Napier et al., 1992).
SDS-PACE and lmmunoblotting
Total protein extracts were prepared by suspending the cell pellet from a single 35-mm dish of cells or from 1 mL of a shaking culture in 100 pL of sample buffer (62.5 mM Tris HCl, pH 6.8, 10% glycerol, 5% 2-mercaptoethanol, 2% SDS, 0.002% bromphenol blue) and boiling for 3 min. SDS-PAGE was performed using 1 -mm-thick discontinuous gels (Laemmli, 1970) . Molecular mass markers were Rainbow markers, 14.3 to 200 kD (Amersham, Little Chalfont, UK). Proteins were transferred to Hybond C extra membranes (Amersham) using a Semidry electroblotter (Sartorius, Gottingen, Germany) according to the manufacturer's instructions. Transfer was at 150 mA for 30 min. Membranes were blocked overnight at 4OC in TBS (10 mM Tris-HC1, pH 7.45,150 mM NaC1) containing 1% (w/v) BSA. Antibodies were incubated for at least 1 h in blocking buffer and the membrane was washed for 20 min in TBS containing 0.2% (w/v) NP40 after each antibody. Polyclonal serum raised against ABPl and monoclonal antibody MAC 256 were diluted 1:500 and 1:20, respectively. Alkaline phosphatase-conjugated anti-rabbit IgG (Promega) was used at 1:7500, anti-rat IgG (Sigma) was used at 1:lOOO. Alkaline phosphatase activity was detected using p-nitroblue tetrazolium chloride (0.33 mg L-I) and 5-bromo-4-chloro-3-indolyl phosphate toluidine salt (O. 17 mg L-') in 100 mM Tris HCl, pH 9.5,lOO mM NaCl, 5 mM MgC12.
lmmunoprecipitation
For N-terminal sequencing, cells were lysed in 100 mM Tris HCl, pH 7.5, 150 mM NaCl, 0.1 mM MgC12, 1 mM EDTA, 0.5% NP40, and lysates containing approximately 1.5 mg of total protein were incubated with 6 pL of nonimmune serum and 100 pL of protein A Sepharose (50% w/v) at 4OC for 2 to 3 h with gentle shaking. The supematant was removed and incubated with 6 pL of polyclonal serum raised against ABPl and 100 pL of protein A Sepharose as before. The beads from each incubation were washed four times with 1 mL of TBS, boiled in 50 pL of sample buffer, and centrifuged briefly. For initial detection of ABP, cells from a single 35-mm Petri dish were lysed as above or culture medium was diluted 3-fold in lysis buffer. Three microliters of serum and 50 pL of protein A Sepharose were used for each precipitation. Loadings on SDS-PAGE were equivalent to 1 mL of culture medium or 5 x 106 cells.
lmmunofluorescence Microscopy
Sf9 cells were prepared for microscopy 24, 36, 40, 60, and 72 h postinfection, or after mock infection, according to the following schedule. Cells were seeded at 1 X 106 cells mL-' and allowed to adhere to alcohol-sterilized glass coverslips overnight at 2SoC, after which infections and mock infections were set up at high multiplicity for 1 h and the cells were incubated at 28OC.
Cells were rinsed once in TClOO medium and then fixed in 3% paraformaldehyde in 0.1 M Pipes buffer, pH 6.9, by floating coverslips on droplets of fixative solution. The cells were permeabilized for 15 min in 0.1% Triton X-100 in Pipes buffer and rinsed three times in buffer (5 min each), followed by a 5-min incubation in blocking buffer (1% BSA in 0.1 M Pipes buffer) and three more buffer rinses (5 min each). The cells were then incubated in primary antibody for 30 min, rinsed three times (5 min each) in Pipes buffer containing 1% fish gelatin, and incubated with fluorochrome-conjugated secondary antibody for an additional30 min. A11 steps were camed out at 28OC. Co-localization of ABPl with a second primary antibody (MAC 256 or 2E7) involved repeating the protocol from the blocking step.
After staining, the cells were rinsed four times in Pipes buffer. DNA was stained with Hoescht 33342 at 20 pg mL-' for 3 min in the second buffer wash. After two additional rinses in Pipes buffer, cells were mounted in Citifluor. The preparations were viewed with a Zeiss Axioplan Epifluorescence Microscope or a Bio-Rad MRClOOO laser scanning confocal microscope. Color micrographs were taken of ABPl co-localized with MAC 256 recognizing KDEL, and of ABP co-localized with endogenous insect HDEL proteins.
Amino Acid Sequencing
Approximately 100 pmol of ABPl, immunoprecipitated from insect cell lysates as described above, was run in three tracks of a 12% gel and electroblotted onto polyvinylidene difluoride membranes (ProBlott, Applied Biosystems, Foster City, CA) as described above. After blotting, the membrane was rinsed in double-distilled water, saturated in methanol, and stained for 1 min with 0.1% Coomassie blue R-250 in 40% methanol, 1% acetic acid. After destaining in 50% methanol, the membrane was rinsed extensively in doubledistilled water and the ABPl band was excised. All solutions used were prepared in double-distilled water, and SDS was an Electrophoresis Purity Reagent (Bio-Rad, Hemel Hempstead, UK). N-terminal sequence analysis was perfonned using an Applied Biosystems 477A protein sequencer.
Preparation of Maize Membrane Proteins
Etiolated maize (Zea mays L.) shoots (approximately 7 d old) were ground in TEMS buffer (50 mM Tris-HC1, pH 8, 1 m EDTA, 0.1 mM MgC12, 250 mM SUC). The homogenate was squeezed through Miracloth (Calbiochem, La Jolla, CA) and the crude microsomal fraction was obtained by differential centrifugation between 5,000 and 80,OOOg. The membranes were resuspended in 20 mM Tris-HC1, pH 7.4, and added to 20 volumes of ice-cold acetone. The protein pellet was collected by centrifugation at lO,OOOg, lyophilized, and resuspended in 20 mM Tris-HC1, pH 7.4. Insoluble material was removed by brief centrifugation.
Binding Assays
Insect cells were harvested by centrifugation (500g), washed in TBS, and homogenized in 2 to 3 mL of TEMS buffer containing 0.5% NP40 using a glass homogenizer. The extract was clarified by centrifugation at 12,0008 and loaded onto a 3 X 1 cm DEAE Bio Gel A column (Bio-Rad) equilibrated in column buffer, pH 6.0 (10 mM Mes, 5 m MgS04, 0.25 M SUC) containing 0.5% NP40. The column was washed i n the same buffer, then sequentially with column buffer, pH (Venis, 1984) and bound NAA was determined by liquid scintillation counting. Assays were done in triplicate.
RESULTS
Production of Recombinant Baculovirus
The recombinant transfer plasmid pZMABPBac (Fig. 1) was co-transfected with linearized BaculoGold virus DNA into Sf21 cells. Virus from six independent plaques was analyzed by PCR using primers in the ABP1 coding region. A band of the expected size was amplified from all of the isolates. A high proportion of recombinant plaques is expected in this system because the nonrecombinant BaculoGold virus carries a lethal mutation. Two independent isolates were amplified and used to infect Sf21 cells at high moi. Immunoprecipitation using polyclonal anti-ABPl serum, followed by immunoblotting using a monoclonal antibody to the C terminus of ABP1 (MAC 256; Napier et al., 1988; Napier and Venis, 1990) , detected a polypeptide of the expected size (22 kD) in the cell lysates but not in the culture medium (Fig. 2) . The band just above the 46-kD marker in all tracks is due to rabbit IgG heavy chains cross-reacting with the anti-rat IgG secondary antibody. Two faint bands of approximately 42 and 44 kD can be seen in tracks 2 and 3; these might represent a small fraction of cross-linked dimeric ABP1. Nonimmune rabbit serum did not precipitate any polypeptide that cross-reacted with the monoclonal antibody (not shown). Both isolates appeared to direct expression of ABP1 at the same level and one was chosen arbitrarily for further studies.
Characterization of the Expressed Protein
ABP1 expressed in insect cells was compared with the authentic maize protein by immunoblotting. Figure 3 shows a blot probed with a polyclonal antiserum raised against maize ABP1 (Napier et al., 1988) . Polypeptides of identical mobility (22 kD) were detected in an extract of maize coleoptile membranes and in total proteins from infected Sf21 cells (lanes 1 and 2) . The antibody did not detect any polypeptides in uninfected insect cells (lane 4). A polypeptide of 19 kD was detected in infected cells treated with 10 /IM tunicamycin, an inhibitor of N-linked glycosylation. This is the same size as reported previously for maize ABP1 treated with endoglycosidase H to remove N-linked glycans (Inohara et al., 1989) and close to the molecular mass predicted from the deduced amino acid sequence (18.4 kD). A minor band, with similar mobility to unglycosylated ABP1, is visible in lanes 1 and 2.
To gain an estimate of the efficiency with which ABP1 expression is directed, protein extracts of infected and control Sf21 cells were subjected to SDS-PAGE, together with an immune precipitate from infected cells (Fig. 4) . A polypeptide of 22 kD was clearly visible in the immunoprecipitate and in the infected extract (lanes 1 and 2), but not in the control extract (lane 3).
N-Terminal Amino Acid Sequencing
To confirm that the signal peptide was cleaved at the correct position in insect cells, ABP1 was purified from insect cell lysates by immunoprecipitation and SDS-PAGE and subjected to 10 cycles of N-terminal amino acid sequencing. The sequence obtained, Ser-Xaa-Val-Arg-Asp-Asn-Ser-LeuVal-Arg, was identical to that reported for authentic mature maize ABP1 (Hesse et al., 1989; Inohara et al., 1989) . The deduced amino acid sequence predicts a Cys at position 2 in the manure protein; this amino acid does not give a signal in the sequencing system used.
Immunolocalization Studies
Both Sf9 and Sf21 cells were used for microscopy but only data for Sf9 cells are shown, due to their convenient size and morphology for microscopy and because cells stay intact longer during the infection cycle.
Figure 5B shows immunofluorescence localization of ABP1 in baculovirus-infected Sf9 insect cells 40 h postinfection. At this time after infection the cells are still morphologically sound (Fig. 5E) . Primary infected cells are strongly fluorescent, indicating a high level of expressed ABP1 compared to weakly fluorescent secondary infected cells. Uninfected insect cells show no fluorescence (Fig. 5A) . Staining of ABP1 is located in a fine reticulate structure in the cytoplasm radiating out from around the nucleus (Fig. 5D ) through the cell (Fig.  5C ). The nuclear envelope is also stained, but no staining can be detected at the plasma membrane (compare Fig. 5 , C and E). Figure 6 shows confocal laser scanning micrographs of Sf9 cells infected with baculovirus expressing ABP1. This technique permits dual-channel imaging of double-labeled insect cells to show co-localization of ABP1 and an ER marker activity.
Sequence data for maize ABP1 show that it has the ER retention signal sequence KDEL at its C terminus. Double labeling with the polyclonal anti-ABPl and the anti-KDEL monoclonal antibody, MAC 256, shows the same distribution of foreign protein in the baculovirus-infected insect cells (Fig.  6, A and B) . Similarly, co-localization of ABP1 using monoclonal antibody 2E7, which recognizes the yeast retention sequence HDEL, confirms that the abundantly expressed KDEL protein ABP1 is co-localized with endogenous insect cell HDEL ER proteins (Fig. 6D) .
Auxin Binding
Cell lysates of infected and control Sf21 cells were passed through a DEAE-Bio Gel A ion-exchange column to partially purify the ABP1 and to remove the lysis detergent by buffer exchange. Column eluates from infected cells, but not from control cells, showed saturable auxin binding (Fig. 7, left) . Scatchard analysis of these binding data indicated a single population of binding sites, the slope of the regression giving a K D of 1.4 x 10~7 M. These values can be compared with reported K D values in the range 1.8 X 10~7 to 7.0 X 10~7 for membrane-bound auxin-binding sites (Batt et al., 1976; Ray et al., 1977) and 4.6 X 10~8 to 6 x 10~8 M for solubilized and purified ABP1 (Cross and Briggs, 1978; Lobler and Klambt, 1985; Shimomura et al., 1986) .
DISCUSSION
We have achieved expression of active maize ABP1 in insect cells. The level of expression is sufficient to permit the detection of the recombinant protein by Coomassie blue staining of total cell extracts separated using SDS-PAGE. It is possible that the yield can be improved by infecting cells at higher moi. However, even at the present level of expression it should be possible to purify ABP1 in sufficient quantities for structural studies. Cleavage of the signal peptide is at the same position as in maize and the protein is targeted to the lumen of the ER, where it undergoes tunicamycinsensitive glycosylation. The ABP1 produced in insect cells is stained by Con A (data not shown) and its mobility in SDS-PAGE is identical to that of the authentic maize protein, suggesting that the glycan added is similar. This was expected since the glycan present on the mature maize protein is of the high-Man type (Hesse et al., 1989) , which is produced efficiently in insect cells (Hsieh and Robbins, 1984) . All these data suggest that ABP1 is correctly processed and glycosylated in the endo-membrane system of insect cells.
Previous studies have shown that the most abundant proteins retained in the ER lumen of plant cells use HDEL (-HisAsp-Glu-Leu) as a targeting signal, KDEL proteins being less abundant (Napier et al., 1992) . Furthermore, the HDEL proteins were distributed throughout the ER, whereas the KDEL proteins (including ABP1) appeared to have a more specific location, which may be in the cortical ER (Napier et al., 1992) . It has been suggested that this localization may play a role in the release of ABP1 to its putative site of action at the plasma membrane. In addition to cytoplasmic (ER) labeling, Jones and Herman (1993) reported ABP1 immunogold decoration of cell walls and plasma membrane in maize cells. In the infected insect cells the distribution of ABP1, as detected by polyclonal antibodies, appears to be restricted to the ER, although we are not able to rule out a very low level of surface staining. The C-terminal retention sequences HDEL and KDEL are widely used as markers for ER in many cell types (Pelham, 1989) . The co-localization using a monoclonal antibody recognizing KDEL for ABP and another recognizing HDEL, which these insect cells also use as the principal retention sequence (]. Henderson, R.M. Napier, and H. Macdonald, unpublished data), confirms the ER as the predominant location for ABP1 in these cells (Fig. 6 ). Uninfected cells show no background staining with the antibodies used, except for HDEL proteins visualized by 2E7, making this an excellent system for further studies on ABP1 targeting.
Partially purified extracts of infected insect cells contain a single class of saturable 1 -NAA binding sites with an affinity close to that of authentic maize ABP1 (Cross and Briggs, 1978; Lobler and Klambt, 1985; Shimomura et al., 1986) . It is still unclear whether ABP1 contains one auxin-binding site per monomer (Hesse et al., 1989) or one site per dimer (Lobler and Klambt, 1985; Shimomura et al., 1986) . The total concentration of auxin-binding sites in our extracts was 171 pmol ing" 1 protein (from the intercept of the Scatchard regression analysis, Fig. 7, right) , equivalent to 3.8 Mg ABP1 per mg protein on the basis of one site per monomer or 7.5 ^g mg" 1 for one site per dimer. These data suggest that a considerable proportion of the ABP1 extracted from these cells is correctly folded and active. Extracts of uninfected Sf21 cells do not contain any saturable auxin-binding activity.
Dicotyledonous plants contain ABPs homologous to maize ABP1, but the proteins are present at much lower levels, making binding studies impossible. Preliminary data suggest that an ABP from strawberry can be expressed in the baculovirus system at levels comparable to those obtained for the . This will allow detailed comparison to be made between the strawbeny and maize proteins. In conclusion, the baculovirus expression system is proving to be a valuable tool for structural, targeting, and binding studies on ABPs.
